The geomagnetic survey at 135 stations in China were carried out in 2003. These stations are with better environmental condition and small magnetic field gradient (<5 nT/m). In the field survey, the geomagnetic declination D, the inclination I and the total intensity F were measured. Ashtech ProMark2 differential GPS (Global Positioning System) was used in measuring the azimuth, the longitude, the latitude and the elevation at these stations. The accuracy of the azimuth is 0.1 . The geomagnetic survey data were reduced using the data at geomagnetic observatories in China. The mean standard deviations of the geomagnetic reduced values are: <1.5 nT for F, <0.5 for D and I . Using the geomagnetic data which include the data at 135 stations and 35 observatories in China, and the data at 38 IGRF (International Geomagnetic Reference Field) calculation points in China's adjacent regions, the Taylor polynomial model and the spherical cap harmonic model were calculated for the geomagnetic field in China. The truncation order of the Taylor polynomial model is 5, and its original point is at 36.0
Introduction
The geomagnetic survey and the geomagnetic field model are the foundation in geomagnetic research. The geomagnetic surveys were carried out in some regions of China since the beginning of the 20th century (Chen, 1944; Chen and Liu, 1948) . The geomagnetic surveys in the whole China were carried out once every 10 years on the average during 1950∼2000 (Tschu, 1979; An, 2001) . In order to compile China geomagnetic chart for 2005.0, the geomagnetic surveys in China were carried out during 2002∼2004. Modern equipments including GPS were used in geomagnetic survey. A lot of geomagnetic survey data with better accuracy and stability were obtained.
Geomagnetic field model is one of the important subjects in the study of geomagnetism (Langel, 1987) . Geomagnetic field model is divided into the global model and the regional one. Beginning from 1968, the International Association of Geomagnetism and Aeronomy (IAGA) provides the global spherical harmonic models for each 5 years, i.e. the International Geomagnetic Reference Field (IGRF) and there is already the 9th generation IGRF (IAGA, 1996 (IAGA, , 2000 (IAGA, , 2003 . In the research on regional geomagnetic field model, different scientists have used various mathematical methods and have obtained geomagnetic field models in various countries and regions (Alldredge, 1987; Barton, 1988; Copyright c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRAPUB.
1990; Haines and Newitt, 1986; Newitt et al., 1996; Kote and Haok, 2000) . In the research on geomagnetic field model in China, Chen (1948) first established the Taylor polynomial model of geomagnetic field in Beipai region of Chongqing for 1946. Chinese scientists have studied the geomagnetic models by using the Taylor polynomial method, the rectangular harmonic analysis, the spline method and the spherical cap harmonic analysis (An et al., 1991; Xia et al., 1988; Xu et al., 2003; Gu et al., 2004; Gao et al., 2005) . The above-mentioned results have greatly promoted the development of the research on geomagnetic field model.
The geomagnetic survey in China in 2003 was briefly described in the Section 2; the Section 3 gives the method and result of Taylor polynomial analysis of geomagnetic field in China; the model of geomagnetic anomalous field in China is calculated based on the spherical cap harmonic method in the Section 4; finally the discussion and the conclusions are also given respectively in the Sections 5 and 6.
Geomagnetic Survey in China in 2003
In geomagnetic survey, G-856 magnetometer is used for measuring the total intensity F of geomagnetic field, its resolution is 0.1 nT and the accuracy is 0.5 nT. D I magnetometer is used for measuring the declination D and inclination I , the resolution is 0.1 and the accuracy is 0.2 . GPS is used for measuring the azimuth of the reference mark so as to determine the geomagnetic declination, as well as to measure the longitude, the latitude and the elevation at the station (Newitt et al., 1996; Gu et al., 2006) , its vertical locating accuracy is 10 mm + 1 ppm and the horizontal locating accuracy is 5 mm + 1 ppm. The magnetometers are calibrated before and after the survey in order to determine the differences between these magnetometers and the standard one, and the differences were corrected in data processing.
In China, the 135 geomagnetic stations ( Fig. 1) were established in 2003. Each station was carefully selected. The environmental condition around each station is good without any electromagnetic noise. The geomagnetic gradient around each station is <5 nT/m: the range of the horizontal gradient is 0.4∼4.9 nT/m, and its average is 2.1 nT/m; the range of vertical gradient is 0.2∼4.9 nT/m, and its average is 2.3 nT/m. The distance between the station and the reference mark is >200 m.
The survey at each station includes geomagnetic threecomponent and GPS observations. The sensor position of G-856 magnetometer is ensured at the same position with the coil position of D I magnetometer, the D I magnetometer is ensured at the same position with the centering position of GPS.
G-856 magnetometer is used to measure F simultaneously with I . D I magnetometer is used to measure D and I with 8 group-data, including 4 group-data of positive and inverted telescope. Meanwhile, the azimuths of the reference mark are measured by GPS before and after measuring D and I respectively.
GPS is used twice to measure the azimuths of the reference mark at each station. The observation results of GPS show that the distances between the station and the reference mark are >200 m. The number of satellite received by GPS is 5∼10, the PDOP (Positioning Dilution of Precision) value is 1.7∼5.4. The data measured by GPS are processed by using a notebook computer in field. The results show that the differences between two azimuths measured by GPS at various sites are 0.0 ∼5.9 , the average is 1.6 .
The geomagnetic data of field survey were reduced by using the data at the observatories in China. The mean standard deviations of geomagnetic reduced values are: <1.5 nT for F; <0.5 for D and I . This shows that the geomagnetic survey data are reliable and accurate.
Taylor Polynomial Analysis of Geomagnetic
Field in China 3.1 Method Taylor polynomial model of geomagnetic field can be expressed as:
where A nm is the Taylor polynomial coefficient, N is the truncation order of the Taylor polynomial, ϕ and λ are respectively the longitude and the latitude at the station, ϕ 0 and λ 0 are respectively the longitude and the latitude at the original point. F can represent any element of geomagnetic field.
Result
According to the geomagnetic data, which include the data at 135 stations and 35 observatories in China, and the data at 38 IGRF calculation points in China's adjacent regions, the Taylor polynomial model of the geomagnetic field in China for 2003 were calculated. Table 1 shows the RMS (root mean square) σ of the Taylor polynomial model for geomagnetic field in China with different order K . It is seen from Table 1 that when the order K increases, all of σ x , σ y and σ z decrease; when K ≥ 5, Table 2 shows the coefficients of this model. Figure 2 shows the geomagnetic charts derived from this model in China. The distribution characters of various geomagnetic components can be seen from • in the east; Y decreases from 2,000 nT in the west to −4,000 nT in the east. The geomagnetic total intensity F, the inclination I , the north component X and the vertical component Z are basically distributed along the latitude; F increases from 43,000 nT in the south to 59,000 nT in the north; X decreases from 38,000 nT in the south to 20,000 nT in the north; Z increases from 22,000 nT in the south to 54,000 nT in the north; I increases from 30
• in the south to 70
• in the north. Figure 3 shows the distribution of the geomagnetic anomalous field in China, the values of this anomalous field are the differences between the observed values and those of the 5-order Taylor polynomial model of geomagnetic field in China (CGRF). In Fig. 3 , there are either positive or negative geomagnetic anomalies in most regions of China, the distribution is reasonable.
Spherical Cap Harmonic Analysis on the Geomagnetic Field in China 4.1 Method
The geomagnetic anomalous field ( X , Y , Z ) under the spherical cap coordinate system can be expressed as: 
In formula (2), and are respectively the longitude and the colatitude under the spherical cap coordinate system, a is the reference radius of the Earth (a = 6, 371.2 km), r is the radial distance apart from the Earth s center; The spherical cap harmonic expressions of other components of geomagnetic anomalous field can be obtained by using the following formulas:
The X , Y and Z in the above-mentioned formulas are calculated by using formula (2), X , Y , Z , H and F are calculated by using the IGRF2000. Referring to the IGRF2000 and the spherical cap harmonic model (ASCH) of geomagnetic anomalous field, the spherical cap harmonic model (SCHRF) can be obtained:
Result
Using the above geomagnetic data, which include the data at 135 stations and 35 observatories in China, and the data at 38 IGRF calculation points in China's adjacent regions, the spherical cap harmonic model is calculated. Table 3 shows the RMS σ of spherical cap harmonic model for geomagnetic field. It is seen in Table 3 that the lager the order K is, the smaller the σ x , σ y and σ z are; when K ≥ 8, the σ x , σ y and σ z are small and stable. Figure 4 shows the geomagnetic field derived from the 8-order SCH model in China (see Discussion). Comparing  Fig. 4 with Fig. 2 , the distribution of the same component of geomagnetic field in China in Fig. 4 is very similar with that in Fig. 2 . Table 4 shows the RMS σ of spherical cap harmonic model for geomagnetic anomalous field. It is seen in Table 4 that the lager the order K is, the smaller the σ x , σ y and σ z are; when K ≥ 8, the σ x , σ y and σ z are small and stable. The 8-order spherical cap harmonic model is selected as the mathematical model for the geomagnetic anomalous field ( X , Y , Z ) in China for 2003 (see Discussion). Table 5 shows the coefficients of this model. Based on the spherical cap harmonic model (SCHA) of geomagnetic anomalous field in China, the chart of geomagnetic anomalous field in China is drawn (Fig. 5) . It is seen from Fig. 5 that the distribution characters of geomagnetic anomalous field are negative anomalies in most of the areas for various components.
Discussion
In calculating the geomagnetic field model, the results appear larger misfit of the geomagnetic anomalies in the boundary area by only using the geomagnetic data at 135 stations and 35 observatories in China. After adding the calculation values at some IGRF points in the boundary area, the above-mentioned misfit of the geomagnetic anomalies is reduced (Gu et al., 2004; Gao et al., 2005) . In order to search for the rationality of the number of the added IGRF points and the distribution, a model calculation is done for some groups of selecting 28∼48 IGRF points and their homogeneous distribution. The model calculation results for different groups are analyzed and compared. The comprehensive analysis and comparison show that the effects become the best when adding 38 IGRF points as shown in Fig. 1 . This shows that it is necessary and rational to add IGRF points appropriately. Taylor polynomial model is a common one of geomagnetic field because it is convenient in calculation and application. In the research on geomagnetic field model in China, Chinese scientists have studied the Taylor polynomial models in China (Chen, 1948; Xia et al., 1988; Xu et al., 2003) . In these studies of the Taylor polynomial model, the truncation order K of the models was taken as K = 2 (Chen, 1948) , K = 3 (Xia et al., 1988) and K = 4 (Xu et al., 2003) . The truncation order of the Taylor polynomial model is taken as K = 5 in this paper. The larger the K is, the higher the space resolution is, and the smaller the mean square deviation between the model calculation value and the observation value is. Therefore, the 5-order Taylor polynomial model in this paper can better describe the geomagnetic field in China.
The spherical cap harmonic (SCH) analysis is an effective method in the research on regional geomagnetic field. The calculation results show that SCH method can not only describe the distribution of geomagnetic field in a large range (such as the whole China or Asia), but can also describe the distribution of geomagnetic field in a smaller range as Beijing-Tianjin-Hebei region (Gu et al., 2004) .
In order to compare the distribution of the geomagnetic anomalous field in China derived from the Taylor polynomial model (Fig. 3 ) and the SCHA model (Fig. 5) , we analyze the similarity and the difference between Figs. 3 and 5. It is seen from Figs. 3 and 5 that the geomagnetic anomalous charts basically have the similar shape for the same component. In Fig. 3 , there are either positive or negative geomagnetic anomalies in most regions of China, the distribution is reasonable. In Fig. 5 , the geomagnetic anomalous fields (such as F, Y and Z etc.) in most regions of China are negative, the distribution of geomagnetic anomaly is not equivalent. It shows that there is difference between the anomalous fields in Figs. 3 and 5. In fact, Fig. 5 is based on IGRF as the normal reference field while Fig. 3 is based on CGRF as the normal reference field. Taking IGRF as the normal reference field, it can study the anomalous field with a large scale; while taking CGRF as the normal reference field, it can explore the anomalous field with a smaller scale.
One of the key problems in establishing the geomagnetic field model is to determine the truncation order K . The larger the K is, the higher the space resolution is, and the smaller the mean square deviation between the model calculation value and the observation value is. However, when K is large, the model calculation results are relatively unstable. In order to reasonably determine K , K was respectively taken as 1∼12 for the spherical cap harmonic model in model calculation. that when K ≥ 8, the σ x , σ y and σ z are small and stable. In order to determine the truncation order K , we also calculate AIC (Akaike Information Criteria) (Akaike, 1974; Miura et al., 2000) for different truncation order K taken as 1-12 respectively. The AIC for each K is shown in Table 6 and Fig. 6(b) . Figure 6 (b) shows that the AIC decreases when K increases; when K ≥ 7, the AIC is nearly stable. Meanwhile, we compare the distribution of the geomagnetic field and the anomalous field derived from the SCH models with K ≥ 8. As an example, Figs. 3(a) and 7 give the comparison of the declination distribution of the SCH anomalous field models for K = 8 (Fig. 3(a) ), K = 9 and 10 (Fig. 7) . The comparison results show that the distribution with K = 8 is reasonable. However, the distribution with K ≥ 9 appears some misfit, the larger the K is, the larger the misfit is. Therefore, K = 8 is finally taken as the truncation order of the SCH model. It is seen from was finally determined for the Taylor polynomial model. In Table 7 , the RMS values of the 5-order CGRF model (Taylor polynomial model of geomagnetic field) and the 8-order SCHN model (SCH model of geomagnetic field) are very closed for the same component.
Conclusions
The geomagnetic survey in China has obtained a lot of precise and reliable data by using the G-856 magnetometer, the DI magnetometer and GPS with good function and stability.
In establishing the geomagnetic field model, it is one of the key problems to determine the truncation order K . We comprehensively analyze and compare the mean square deviation between the model calculation value and the observation value, the AIC (Akaike Information Criterion) and the distribution of geomagnetic field for various K taken as 1∼12. The results show that K = 8 is optimum truncation order for the spherical cap harmonic model of geomagnetic field in China.
Taylor polynomial model of geomagnetic field is convenient in calculation and application. However, its deficiency is that it does not meet the potential theory of geomagnetic field and can only express the two-dimensional distribution of geomagnetic field. While the spherical cap harmonic model of geomagnetic field is complicated in calculation, but can meet the potential theory of geomagnetic field and express the three-dimensional structure of geomagnetic field. The 5-order Taylor polynomial model and the 8-order spherical cap harmonic model of geomagnetic field in China for 2003 are very similar. These two models have good consistency and complementation. Different users can choose one from the two models to meet their own demands.
